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The design of a robust controller is a challenging task due to nonlinear behaviour of the glider and surround environment. 
This paper presents design and simulation of nonlinear robust integral super-twisting sliding mode control for controlling the 
longitudinal plane of an autonomous underwater glider (AUG). The controller is designed for trajectory tracking problem in 
existence of external disturbance and parameter variations for pitching angle and net buoyancy of the longitudinal plane of 
an AUG. The algorithm is designed based on integral sliding mode control and super-twisting sliding mode control. The 
performance of the proposed controller is compared to original integral sliding mode and original super-twisting algorithm. 
The simulation results have shown that the proposed controller demonstrates satisfactory performance and also reduces the 
chattering effect and control effort. 
[Keywords: Autonomous underwater glider (AUG); Integral sliding mode control; Super-twisting sliding mode control; 
Chattering reduction] 
Introduction 
The autonomous underwater glider (AUG) was 
first initiated by Henry Stommel in 19891. The 
Stommel’s idea inspired many other researchers to 
involve in this area of research. Finally in 2001, three 
operational AUGs were developed and tested: 
Slocum2, Spray3 and Seaglider4, which are currently 
being used by many agencies and research groups for 
oceanography data collection5,6. Also many 
laboratory-scale AUGs were developed for research 
purposes, such as robotic gliding fish (Michigan State 
University)7, USM glider8 (University Science 
Malaysia), FOLAGA9 (Join effort between IMEDEA, 
ISME and University of Genova, Italy) ALEX10 
(Osaka Perfecture University), and ROGUE11 
(University of Princetone). The AUG dives under 
water by actuating its internal sliding mass 
horizontally, vertically or cylindrically and pumping 
the ballast back and forth. 
The gliders are multi-input-multi-output (MIMO) 
nonlinear systems. AUG is considered as on under-
actuated system, highly nonlinear, time-varying 
dynamic behaviour in nature, uncertainties in 
hydrodynamic coefficients, and also disturbances by 
ocean currents12. Several control techniques have 
been proposed to control the motion of the AUG. The 
survey done by Ullah et al.13 reviewed the control 
strategies ranging from classical control, proportional-
integral-derivative (PID), optimal control linear 
quadratic regulator (LQR) up to intelligent control 
such as neural network and fuzzy logic. The PID 
controller proposed14,15 is the most popular used due 
to its simple architecture and less tuning parameters. 
The LQR11,15,16,17,18,19 also offers simple architecture, 
wherein only two tuning parameters need to be varied 
to achieve the desired performance. Both PID and 
LQR provide good performance. However, since the 
model is linearized about the equilibrium point, the 
performance of the controller is only effective in a 
small neighbourhood of the equilibrium. 
The model predictive control (MPC)20,21 was 
designed  to control the attitude of Slocum glider. The 
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control architecture was divided into higher-level and 
lower-level controllers for controlling the internal 
configuration of the glider and was made the actuator 
to execute actions for maintaining the imposed 
internal configurations. The MPC22 used in 
conjunction with the path-following technique for 
online tuning of the desired vehicle velocity along 
with the trajectory and thus validated the 3D motion 
dynamics of the Slocum glider. Yuan Shan and Zheng 
Yan21 designed the MPC using one-layer recurrent 
neural network to improve the computational problem 
in MPC to control the longitudinal plane of AUG. 
The intelligent control23,24,8 do not need a precise 
mathematical model of the plant; however, it will 
suffer from high computational time and need high 
tuning effort to attain a good performance. The sliding 
mode control (SMC) is another technique used25,26. 
The boundary layer SMC was proposed25,27 for 1 
degree of freedom (DOF) and 2 DOF internal 
movable sliding mass, respectively. The Taylor’s 
series expansion method is used in obtaining the 
linearised model of AUG. Hai Yang and Jie Ma28,29 
proposed the SMC for nonlinear system of 
longitudinal plane of AUG. The reaching law is 
designed based on rapid-smooth reaching law. The 
performance is improved using inverse system 
method where the output equations are differentiated 
repeatedly until the input appeared in the equations, 
then the control law are designed based on that 
equations28,29. Mat-Noh et. al.26 proposed SMC to 
control the pitching and the net buoyancy of the 
longitudinal plane system. The control law is 
designed based on super-twisting sliding mode 
control (STSMC). The standard STSMC composed 
only discontinuous part, however the control law 
consists of equivalent and discontinuous parts26. The 
intelligent technique had been proposed23, wherein the 
neural network is used to control the horizontal and 
vertical plane of the AUG. The controller was 
designed based on the linearized model. 
This paper proposes the combination of two types 
of SMC control strategies, namely, integral sliding 
mode and super-twisting sliding mode called integral 
super-twisting sliding mode control. In the basic study 
of this algorithm30, the controller was designed for 
nominal system and system with input disturbance 
and the performance of ISTSMC was compared to 
integral SMC. However, in this paper, the proposed 
controller algorithm is designed for nominal system, 
system with input disturbance and system with 
parameter variations. The performance of the 
proposed controller is compared to the performance of 
STSMC and integral SMC (ISMC). With this study, 
the robustness of the proposed controller is tested and 
benchmarked with the performance of the original 
ISMC and STSMC. This paper discusses the 
mathematical model of the longitudinal plane of the 
AUG and the detail derivation of control for the 
proposed controller, ISMC and STSMC (Table 1). 
 
Approach and Methods 
Dynamic model of an AUG 
In this paper, the work is based on the work done 
by Graver, wherein detailed derivation of the motion 
equation can be found11. Here, only the longitudinal 
plane is considered. The dynamics of the longitudinal 
plane is controlled using internal movable sliding 
mass and the variable ballast mass. The rudder is 
fixed to stabilize the glider straight motion in 
longitudinal plane; therefore, the lateral dynamics can 
be ignored. Hence all the lateral components are equal 
to zero except for the pitching component. The 
glider’s reference frame is shown in Figure 1. The 
notation of the glider is given in Table 2. 
A glide path is specified by a desired path angle, ξd 
and desired speed Vd.  
 
  (1) 
 
where θ = pitching angle, α = angle of attack 
 
 (2) 
 
The initial coordinates (x’,z’) such that x’ is the 
position along the desired path and is defined as 
 
 (3) 
 
z’ measures the position of the vehicle in the 
direction perpendicular to the desired path. The 
dynamics of the z’ is given in Eq. (4) 
 
 (4) 
 
In most applications, the internal movable mass of 
the underwater glider only moves along x-axis5 and 
together with ballast pumping rate will make the 
glider dive in water column. Therefore, in this paper 
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  (8) 
 
 (9) 
 
       (10) 
 
       (11) 
where 
 
ܽ = ܬଶ൫݉௣ + ݉ଵ൯൫݉௣ +݉ଷ൯ + ݉௣݉ଷ 
൫݉௣ + ݉ଵ൯ݎ௣ଵଶ + ݉௣݉ଵ൫݉௣ + ݉ଷ൯ݎ௣ଷ																			(12) 
 
       (13) 
 
       (14) 
 
 
  (15) 
 
      16) 
 
      (17) 
 
where mem is the net buoyancy), mf1 and mf3 denote 
the added masses, D, L, and MDL2 represent the drag, 
lift and viscous moment of the hydrodynamic force 
and moment were defined as5 
 
   (18) 
 
   (19) 
 
   (20) 
 
               (21) 
 
where , , and  are the mass of the hull, 
internal movable mass, and displaced fluid, 
respectivly. , , , , , and  are the 
hydrodynamic lift, drag and pitching moment 
coefficients, respectivly. , and   are the linear 
and quadratic damping constant coefficients. 
From Eq. (5-11), it can be noticed that the system 
is under-actuated system with two inputs and six 
outputs. The state and input vectors are written in Eqs. 
(22) and (23), respectively: 
 
ݔ = [ݔଵ		ݔଶ		ݔଷ		ݔସ		ݔହ		ݔ଺		ݔ଻]் =	
[ߠ		߱ଶ		ݒଵ		ݒଷ		ݎ௣ଵ	ݎሶ௣ଵ		݉௕]்   (22) 
 
 (23) 
 
However, in this study, only two parameters will be 
considered, namely, pitching angle,  and net 
buoyancy,  as written in Eqs. (24-25). The net 
buoyancy is indirectly obtained through the ballast 
mass, . 
 
     (24) 
 
  (25) 
 
Controller design 
This section discusses the methodology of the 
controller design. The proposed controller is a 
combination of two SMC strategies, namely, ISMC 
and STSMC. Therefore, here three controllers will be 
designed, namely, the proposed controller, ISMC and 
STSMC. 
Before designing the controller, the motion 
equations in Eq. (5-11) are rewritten in the general 
form of nonlinear equation as given in Eq. (26). 
 
  (26) 
 
where, ,and  are defined as state and 
input vectors,  represent the bounded matched 
perturbations,  and  
 is bounded with a known norm upper bound, 
 
    (27) 
 
where,  for . 
 
The Eq. (27) is transformed into the form that is 
suitable for controller algorithms as written in Eq. (28) 
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       (28) 
 
where . 
 
The equations for the selected output are rewritten 
in the form of Eq. (28) as given in Eqs. (29-31). 
 
     (29) 
 
 (30) 
 
    (31) 
 
where and  are the external disturbances. The 
controllers are designed for the tracking problems. 
The errors of the selected outputs are defined in Eqs. 
(32) and (33). 
 
     (32) 
     (33) 
 
A. Integral Sliding Mode Control (ISMC): The 
integral sliding mode control (ISMC) was proposed 
by Utkin and Shi in 199631. The advantage of ISMC is 
that the sliding surface is enforced from the beginning 
and thus eliminates the reaching phase which is also 
called ‘no reaching phase’ SMC. The control law is 
defined as 
B.  
      (34) 
 
  is the ideal or nominal controller (i.e. the 
system without perturbation) which can be designed 
using any method such as PID, pole-placement, LQR, 
MPC, etc. and  is nonlinear (discontinuous) control 
design to reject the perturbations, .  
The sliding manifold is defined as 
 
     (35) 
 
where s0  is the conventional sliding surface, and z 
is the integral term which can be determined. 
The underwater glider is controlled by two control 
inputs. Thus, two control laws and two sliding 
surfaces are designed. The ISMC control law and 
sliding surface are given in Eqs. (36) and (37), 
respectively. 
     (36) 
 
     (37) 
 
The ideal controls,  and  are defined based 
on a linear control and those are written in Eqs (38) 
and (39) as  
 
 (38) 
     (39) 
 
The conventional sliding surfaces  and  are 
defined as 
 
     (40) 
 
Differentiating Eqs (37) and (40) with respect to 
time 
 
ݏሶଵ = ݏሶଵ଴ + ݖሶଵ = ܿଵ ሶ݁ଵ + ሷ݁ଵ + ݖሶଵ = ܿଵ ሶ݁ଵ + ߯ଵ(ݔ, ݑଵ, ݐ) 
−(ݑଵ଴ + ݑଵଵ) + ଵ݃ߜଵ(ݔ, ݐ) + ݖሶଵ      (41) 
 
 (42) 
 
where and  are chosen as 
 
    (43) 
     (44) 
 
Substitute  into Eqs. (41) and (42), then  and  
reduces to Eqs. (45) and (46) 
 
  (45) 
    (46) 
 
The equivalent controls  and  are 
determined as  and   are written in Eqs. 
(47) and (48) 
 
 (47) 
    (48) 
 
and the reachability conditions are chosen as 
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D. Integral Super-Twisting SMC (ISTSMC): The 
proposed control law of ISTSMC is defined based on 
ISMC control as written in Eqs. (67) and (68). 
E.  
 
     (67) 
 
     (68) 
 
The linear control laws were previously defined in 
Eqs. (38) and (39); the sliding surfaces, and 
equivalent controls ( ) are similar to the 
one defined in Eqs. (37), (47) and (48). However, the 
discontinuous controls ( , ) are defined 
based on the super-twisting SMC as in Eqs. (63) and 
(64). Therefore, the nonlinear control laws for 
ISTSMC are written in Eqs. (69) and (70). 
 
ݑଵଵ =
1
݃ଵ { ଵ݂ + (−݃ଵ + 1)(ݑଵ଴) + ݃ଵߜଵ(ݔ, ݐ)} − 
 
ߚଵଵ|ݏଵ|௣ݏ݅݃݊(ݏଵ) − ߚଵଶ ׬ ݏ݅݃݊(ݏଵ)௧଴ ݀ݐ (69) 
 
       (70) 
Finally, the ISTSMC control laws are defined in 
Eqs. (71) and (72). 
 
 
       (71) 
 (72) 
 
The proposed control laws in Eqs. (71) and 
(72) gains from the advantage of no reaching 
phase of ISMC algorithm and the sliding surfaces 
convergence in finite time as the main advantage 
of STSMC. 
F. Stability Analysis: The stability analysis of 
the proposed controller algorithm ISTSMC is 
discussed here. To ensure the convergence of the 
controlled parameters of the plant stabilized at the 
desired value, the sliding mode must be first ensured. 
Therefore the analysis of stability is made to ensure 
sliding mode and the output convergence. This is 
done using lyapunov stability theorem. 
Theorem 1: Consider the nonlinear system in  
Eq. (28) subjected to bounded uncertainty in Eq. (27) 
with assumptions, the system is proper ( ) and 
minimum phase where the zero dynamic of the system 
is asymptotically stable. If the sliding manifolds ( ) 
as written in Eq. (37) the dynamics of integral terms ( ) 
as written in Eqs. (43) and (44) and the discontinuous 
controls ( ) as written in Eqs. (63) and (64), then 
the convergence conditions are satisfied. 
Proof: Let us consider the lyapunov functions and 
their time derivatives in Eqs. (73), (74), (75) and (76), 
respectively. 
 
       (73) 
     (74) 
     (75) 
     (76) 
 
Substitute the Eq. (37) along with Eqs. (43) and 
(44) into Eqs. (75) and (76), to produce Eqs. (77) and 
(78). 
 
 (77) 
 
   (78) 
 
Now substitute the Eq. (69) into Eq. (77), and Eq. 
(70) into Eq. (78) which gives  
 
       (79) 
 
       (80) 
The following sufficient conditions for finite time 
convergence must be satisfied33,34: 
 
    (81) 
     (82) 
 
     (83) 
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